The microvasculature within the neural stem cell (NSC) niche promotes self-renewal and regulates lineage progression. Previous work identified endothelial-produced soluble factors as key regulators of neural progenitor cell (NPC) fate and proliferation; however, endothelial cells (ECs) are sensitive to local hemodynamics, and the effect of this key physiological process has not been defined. In this study, we evaluated adult mouse NPC response to soluble factors isolated from static or dynamic (flow) EC cultures. Endothelial factors generated under dynamic conditions significantly increased neuronal differentiation, while those released under static conditions stimulated oligodendrocyte differentiation. Flow increases EC release of neurogenic factors and of heparin sulfate glycosaminoglycans that increase their bioactivity, likely underlying the enhanced neuronal differentiation. Additionally, endothelial factors, especially from static conditions, promoted adherent growth. Together, our data suggest that blood flow may impact proliferation, adhesion, and the neuron-glial fate choice of adult NPCs, with implications for diseases and aging that reduce flow.
Introduction

D
isease and injuries to the central nervous system (CNS) affect millions worldwide, resulting in reduced quality of life due to loss of sensory and motor functions. Currently, there are limited treatment options and the majority of those with CNS damage never regain full function. Resident neural stem cells (NSCs) offer great potential to aid in regeneration due to their ability to self-renew or give rise to neural progenitor cells (NPCs) that differentiate into neurons or glia. Controlled differentiation can be challenging within heterogeneous NSC and NPC populations; thus, a more complete understanding of the niche in which these cells reside will facilitate greater control in their differentiation.
NSCs are found in several adult neural regions, but active neurogenesis occurs in distinct niches, the dentate gyrus [DG] of the hippocampus and the subventricular zone [SVZ]), both of which are adjacent to a rich vasculature [1] [2] [3] [4] [5] . ECs within the neurogenic niche regulate NSC and NPC proliferation and fate by providing a basement membrane for stem cell attachment, releasing growth factors and cytokines, and providing direct signaling through stem cell-vascular cell contact [1, 2] . Following EC-induced expansion, removal of EC factors resulted in increased neuronal differentiation, demonstrating an impact on both proliferation and neurogenesis [6, 7] . While ECreleased factors enhance NPC proliferation and differentiation [6, 7] , a comprehensive understanding of the molecular basis of this key niche interaction remains unknown.
Control over NPC fate using purified growth factors has been studied extensively in vitro and in vivo. While both NSC and NPC populations are present in vitro, within this work, we will refer to cells as NPCs, a blanket term that includes NSCs and more restricted progenitor cells. Individual soluble factors such as basic fibroblast growth factor (FGF2; [8] [9] [10] [11] [12] ), epidermal growth factor (EGF; [9, 10] ), insulin-like growth factor (IGF; [13] [14] [15] [16] [17] ), and sonic hedgehog (Shh; [18] [19] [20] ) promote NSC self-renewal and/or proliferation, as well as direct neurogenesis or gliogenesis. Conversely, transforming growth factorb (TGF-b) promotes quiescence and may inhibit neurogenesis of NPCs [21] [22] [23] .
In some instances, the NPC response is dependent on the soluble factor concentration, for example, Shh promotes neural differentiation at higher concentrations, while oligodendrocyte formation is supported at lower concentrations [18, 20, 24] . Similarly, EGF promotes self-renewal, but high concentrations increase astroglial lineage [25] . The impact of single factors on NSC fate can be investigated; however, within the SVZ, NPCs are exposed to a milieu of soluble factors and ECs represent a key source of multifaceted cytokine release profile affecting these progenitor cells, and changes in more than a single cytokine may be instructive in the niche.
To recapitulate some of the complexity of the niche, current in vitro coculture models use statically cultured ECs; however, ECs are responsive to fluid shear stress, exhibiting profound changes in bulk soluble factor and matrix production in response to local hemodynamics, including flow type (laminar or pulsatile), rate, and duration [26] [27] [28] . Traditional static EC cultures release numerous cytokines, including VEGF, FGF2, EGF, Shh, IGF-1, and TGF-b, but following the application of fluid flow, cytokine production and release are altered, resulting in distinct cytokine profiles that are dependent on the EC source (eg, species and location) in addition to local hemodynamics [29] [30] [31] [32] [33] [34] .
Endothelial production of proteoglycans has also been shown to increase with the application of shear stress [34] [35] [36] [37] . Many cytokines are known to degrade rapidly, on the order of hours, but can be stabilized by proteoglycans. Heparin-binding growth factors (HBGFs) are a class of cytokines (including, but not limited to, EGF, FGF2, IGF, and TGF-b) that bind to heparan sulfate proteoglycans (HSPGs). HSPGs bind growth factors resulting in stabilization and protection from degradation, as well as enhanced growth factor binding to their receptors [36, [38] [39] [40] . Similarly, chondroitin sulfate proteoglycans (CSPGs) bind growth factors and increase bioavailability to NPCs [38, 41, 42] .
While it is well established that shear stress causes an upregulation of soluble factors by ECs, the impact on NPCs has not yet been elucidated and can have far-reaching indications within the aging brain as cerebral hemodynamics change with aging and disease [43] . Significantly, ischemic small vessels in elderly individuals correlate directly with white matter loss and are abundant proximal to the ventricles [44] , suggesting that poor vascular endothelial health contributes to reduced neurogenesis in the SVZ niche. Furthermore, transplantation of aged NSCs into a young NSC niche leads to healthy and prolific NSC colonies, but transplantation of young NSCs into the aged niche leads to a loss of Wnt signaling and reduced proliferation characteristic of aged NSCs [45] . Development of an in vitro model that can delve into the mechanisms by which ECs contribute to maintenance of a regenerative niche may lead to the development of preventative or treatment therapies for the aging population.
In this work, we expanded on previous static coculture models by adding the novel inclusion of dynamically stimulated ECs into our niche model. We subjected mouse brain microvascular ECs to a physiological shear stress of 10 dynes/cm 2 or to traditional static conditions for 24 h and collected the ECconditioned medium for analysis or treatment of NPCs, examining survival, proliferation, neurosphere formation capacity, and differentiation profile. We found that exposure to EC factors exposed to flow dramatically impacts adult NPC behavior.
Experimental Procedures
Dynamic stimulation of ECs
Polystyrene sheets were laser cut to specifications (Boston Lasers, Haverhill, MA) to be compatible with a modified cone and plate viscometer [27] . The polystyrene disks were plasma treated (PDC-001 plasma cleaner; Harrick Plasma, Ithaca, NY) to increase hydrophilicity and then dip-coated in a 0.5% w/v gelatin solution prepared by dissolving laboratory grade 275 bloom gelatin powder (Fisher, Hanover Park, IL) and the cross-linking agent chromium (III) potassium sulfate dodecahydrate (Sigma-Aldrich, St. Louis, MO) into DI water. Gelatin-coated disks were assembled into a cone and plate viscometer chamber, which created the dynamic culture device. For static culture, gelatin-coated disks were placed in a 150-mm nontreated Petri dish (Celltreat, Shirley, MA).
Mouse brain microvascular ECs (mBend.3; ATCC, Manassas, VA) were seeded at 1.8 · 10 4 cells/cm 2 onto the gelatin-coated polystyrene disks in growth medium containing Dulbecco's modified Eagle's medium (DMEM; Cellgro, Manassas, VA) with 4.5 g/L glucose, 2 mM l-glutamine, and 4.5 g/L sodium pyruvate (Gibco, Grand Island, NY) supplemented with 50 U/mL penicillin/streptomycin (P/S; Mediatech, Herndon, VA) and 10% v/v fetal bovine serum (FBS; Gibco). A mouse brain EC line was chosen as it has been used in previous studies under dynamic culture [46] as well as to ensure a reproducible EC source. ECs were cultured for 5 days to develop a confluent monolayer in static culture and allow for complete remodeling of the thin gelatin layer. EC monolayers were then transferred to phenol red-free DMEM supplemented with 2% w/v dextran (MW = 500 kg/mol; Spectrum Chemical, New Brunswick, NJ).
The flow device (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/scd) incorporates a computer interface to control shear stress based on input system parameters: medium viscosity, cone dimensions, and plate dimensions. Unlike the more commonly used parallel perfusion plates, shear stress is generated by rotation of the cone above the polystyrene disk, resulting in fluid flow. Due to the circumferential movement of the culture medium, dextran was used to increase culture medium viscosity to 2 cP, thereby preventing turbulent flow. The endothelial monolayers were either exposed to a shear stress of 10 dynes/cm 2 in the flow device or statically cultured for 24 h, at which time the EC-conditioned medium was collected and stored at -20°C for future analysis up to 2 weeks. No significant difference in EC number was quantified ( Supplementary Fig. S1 ) and thus any resulting changes are a direct result of soluble factor expression. Shear stress of 10 dynes/cm 2 was chosen as it falls within the reported physiological range of 1-60 dynes/cm 2 measured within small vessels from humans, canines, felines, and rodents [47] [48] [49] , although the exact range of the brain microvasculature is unknown. Further information on the experimental procedures used to assess EC monolayer health can be found in the Supplementary Data.
Isolation and culture of NPCs
Mice were treated according to the Institutional Animal Care and Use Committee guidelines at Rensselaer Polytechnic Institute and all animal procedures were pre-approved by the Committee for collection of tissue. The SVZ was isolated from the brains of adult (5-10 weeks old) female Swiss Webster mice (Taconic Farms, Hudson, NY). The tissue was enzymatically digested as previously described [46] . Dissociated cells were resuspended at 1.5 · 10 4 cells/mL in nonconditioned DMEM (control) or EC-conditioned DMEM (static or dynamic) supplemented with 1 mM sodium pyruvate, 2 mM lglutamine, 1 mM NAC, 1 mM N2 supplement (Gibco), 1 mM B-27 supplement (Gibco), and 20 ng/mL FGF2 (Gibco) and EGF (Gibco). Growth factors were added to all expansion conditions as the NPCs would not otherwise survive or expand in control medium.
Cells were plated in nontreated six-well plates (Celltreat) and expanded as neurospheres for 14 days with daily feedings of concentrated growth factors, N2, NAC, and B27, unless otherwise noted, at 37°C and 5% CO 2 . As media are not exchanged for 14 days, it is important to resupplement not only the growth factors that have half-lives on the order of a few hours but also the nutrient mixes that contain factors such as insulin with limited half-lives. Plates were moved minimally during feedings in an effort to prevent aggregation that may occur with cell concentrations greater than 10 cells/mL [50] . EC-conditioned medium contained 2% w/v dextran to prevent turbulent flow, and as such, DMEM supplemented with 2% w/v dextran was also tested for NPC viability, sphere formation, and phenotype and no differences were noted with or without dextran (Supplementary Fig. S2 ). Given that no differences were noted, the nonconditioned control media were not supplemented with dextran to recapitulate the nonconditioned controls utilized in other NPC-EC studies [6, 7] .
After 14 days, neurosphere number and size were quantified using an Olympus CKX41 inverted light microscope (Olympus, Center Valley, PA). ImageJ was used to assess neurosphere number and diameter. Neurosphere diameter was binned into groups by 0.05 mm to visualize size distribution. There were six experimental replicates (n = 6) with 3-4 sample replicates (m = 3) for each condition. The sum of the colony data from each well was averaged for each sample replicate, which was then averaged across the experimental replicates.
Neurospheres were collected and adherent cells were lifted from the culture surface with trypsin-EDTA (Cellgro). All cells within the cultures from each medium condition (control, static, or dynamic) were dissociated into a singlecell suspension. Using a hemocytometer, the cell number was quantified for each condition and the presence of only singlet cells was validated. Only cells from the primary expansion were evaluated or cultured for immature phenotype, differentiation, or potency, as described below.
Immature phenotype evaluation. NPC phenotype was assessed within cultures expanded initially in EC-conditioned or control medium for 14 days, after which the cells were collected, dissociated, and seeded at 3 · 10 4 cells/cm 2 in 96-well plates coated with poly-l-ornithine (PLO) in nonconditioned DMEM (control) or EC-conditioned DMEM (static or dynamic) supplemented with 1 mM sodium pyruvate, 2 mM lglutamine, 1 mM NAC, 1 mM N2 supplement, 1 mM B-27 supplement, and 5 ng/mL FGF2 and EGF. After 24 h, the cells were fixed with 4% w/v paraformaldehyde.
Differentiation. NPCs expanded for 14 days in control or EC-conditioned (dynamic or static) medium were seeded at a density of 3 · 10 4 cells/cm 2 in 96-well plates on 10% Matrigel (BD Biosciences, San Jose, CA)-coated tissue culture plastic in Neurocult Ò basal medium (Stem Cell Technologies, Vancouver, BC) with Neurocult differentiation supplement (1% fetal bovine serum) and 50 U/mL P/S. The differentiation medium was replaced every other day for 3 weeks. Cells were then fixed with 4% w/v paraformaldehyde in PHEM buffer and then immunostained. Evaluation of NPC survival, proliferation, and potency. NPCs expanded for 14 days in nonconditioned (control) or endothelial-conditioned (static or dynamic) medium were dissociated into a single-cell suspension. Only cells from the primary expansion were used in the Neurocult neural colonyforming cell (NCFC; Stem Cell Technologies) assay. The NCFC assay was used to assess NPC survival following removal from EC factors and to assess stem and progenitor potency, as determined by neurosphere size. In this 3D assay, single cells grow into colonies, while cell aggregation is prevented within the semisolid hydrogel. Dissociated cells originally expanded in control or endothelial-conditioned medium were seeded according to manufacturer instructions at a final concentration of 1.6 · 10 3 cells/mL in a semisolid collagen gel devoid of EC-derived factors and cultured for 21 days, with feedings every 7 days of 10 ng/mL FGF2, 20 ng/mL EGF, and 100 mg/mL heparin. As cells are fed every 7 days based on manufacturer instructions and due to the short half-life of FGF2 and EGF, as per the assay instructions, heparin is included to prevent rapid degradation of growth factors.
At 21 days, colony number and size were quantified using an Olympus CKX41 inverted light microscope (Olympus, Center Valley, PA). ImageJ was used to assess neurosphere number and diameter. Neurosphere diameter was binned into groups by 0.5 mm to visualize size distribution. There were six experimental replicates (n = 6) with 3-4 sample replicates (m = 3) for each condition. Colony size is a measure of NSC or NPC proliferation, while colony number is an indicator of the number of NPCs or NSCs that survive and are capable of nonadherent cell growth.
Immunocytochemistry
For surface staining, fixed cells were blocked overnight in 10% goat serum (Sigma-Aldrich) at 4°C, then stained with 1:4 mouse anti-O4 (ATCC) and 1:400 rabbit anti-NG2 (Millipore, Billerica, MA) antibodies, followed by goat anti-mouse IgM and goat anti-rabbit IgG secondary antibodies (Invitrogen, Carlsbad, CA). For intracellular differentiation staining, fixed cells were permeabilized with 0.01% Triton-X 100 in PBS, then blocked overnight in 10% goat serum at 4°C. Cells were stained with 1:1,000 rabbit anti-GFAP (Dako, Carpenteria, CA), 1:500 mouse anti-NeuN (Millipore), or 1:10 mouse antiNestin (DSHB, Iowa City, IA), followed by goat anti-rabbit IgG and goat anti-mouse IgG1 antibodies (Invitrogen). For immature phenotype assessment, cells were stained with 1:1,000 rabbit anti-GFAP (Dako), 1:500 mouse anti-EGFR (Millipore), and 1:300 rat anti-CD133, followed by goat antirabbit IgG, goat anti-mouse IgG1, and goat anti-rat IgG antibodies (Invitrogen). Other samples were sequentially stained with 1:300 mouse anti-PSA-NCAM (Millipore), followed by goat anti-mouse IgM (Invitrogen), then 1:1,000 rabbit antiMash1 (Millipore) and 1:500 mouse anti-EGFR with appropriate secondary antibodies. Hoechst 33342 (1:2,000) was used as a counterstain to identify nuclei in all samples. Samples were imaged using an Olympus IX81 inverted microscope (Olympus) with a 20 · dry objective for all samples.
NIH ImageJ toolkit (National Institutes of Health, Bethesda, MD) was used to quantify total and phenotypespecific cell numbers. To reduce variability in cell number due to cell seeding, cells of a given phenotype in each image are represented as a percentage of the total cells in each image. Three images were taken per sample to obtain a sample average, with a minimum of three sample replicates
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of each condition in each of the four experimental replicates of independent animal isolations (n = 4, m = 3).
Cytokine degradation and quantification
Mouse G2000 cytokine arrays (Raybiotech, Norcross, GA) were used according to the manufacturer's instructions to quantify cytokines in EC-conditioned medium collected after 24 h of dynamic versus static culture. Enzyme-linked immunosorbent assays (ELISAs) were used to quantify changes in EC-produced cytokines in the conditioned medium, specifically for cytokines known to impact NPC fate: FGF2 (Raybiotech) and EGF (Raybiotech). ELISAs were used according to manufacturer instructions to analyze the endothelial-conditioned medium. For analysis, four experimental replicates (n = 4, m = 2) were analyzed with two well replicates to generate an average cytokine concentration for each experimental condition.
Glycosaminoglycan content analysis
EC-conditioned medium was frozen at -80°C and lyophilized. Samples were digested and evaluated using ultrahigh-performance liquid chromatography-mass spectrometry (UPLC-MS) [51] . Briefly, the samples were proteolyzed with actinase E solution, and glycosaminoglycans (GAGs) were purified with anion exchange spin columns, followed by digestion with heparin lyases (I, II, and III) and chondroitinase (ACII and ABC). The recovered disaccharides were then tagged with 2-aminoacridone and analyzed using LC-MS on an Agilent 1200 LC/MSD instrument (Agilent Technologies, Inc., Wilmington, DE). Total GAG content is reported as mg present in 16 mL of conditioned medium, which is equivalent to what is collected in total for one static or dynamic culture experiment. GAG content was not normalized to cell number as the cell numbers were not found to be statistically different ( Supplementary Fig. S1 ).
Statistical analysis
A one-way ANOVA was performed to determine statistical significance between conditions (P-value <0.05) for all datasets using Prism (GraphPad Software, La Jolla, CA). Analysis of cytokine array data was performed according to manufacturer instructions. Briefly, multiple replicates on each array are averaged for each EC culture condition. Each sample culture condition (dynamic or static) is normalized to respective positive and negative controls on each array, then a fold change (p 1 /p y ) is calculated based on the ratio of positive controls for static (p 1 , reference array) divided by dynamic arrays (p y ). This ratio is specific to each chip and the experimental dynamic intensity values (x y ) are multiplied by the ratio of the positive controls (p 1 /p y ) to generate a scaled dynamic intensity value (x Ny = x y *p 1 /p y ) that corresponds to the scaling of the reference static array as specified by the manufacturer. The average for each factor in the dynamic condition is then normalized to the average for each factor in the static condition to generate the reported fold change. Based on manufacturer instructions, a fold change greater than or equal to 1.5-fold or less than or equal to 0.65-fold in signal intensity is considered measurable and significantly different in expression (P < 0.05) after complete analysis. More information regarding quantification of the cytokine levels can be found in the Supplemental Data.
Results
Conditioned medium collected from dynamic, but not static, EC cultures supports neurosphere formation EC monolayers cultured under dynamic fluid flow or static conditions exhibited healthy morphologies and low/absent caspase activity (Supplementary Fig. S1 ). Additionally, EC numbers were not significantly different when cultured under dynamic or static regimes, thus any phenotypic differences seen among NPCs can be attributed to variable factor release profiles and not EC cell number (Supplementary Fig. S1 ). NPCs isolated from the adult SVZ were cultured in control (nonconditioned/vehicle) medium (Fig. 1A, B ) or in ECconditioned medium collected from either static (Fig. 1A, C) or dynamic cultures (Fig. 1A, D) . Both the control medium and dynamic EC-conditioned medium support neurosphere formation and growth ( Fig. 1 B, D) . However, unlike the control medium where all cells grow as nonadherent neurospheres, approximately half of the NPCs cultured in the dynamic ECconditioned medium adhered to the uncoated nontissue culture-treated plastic, and in static EC-conditioned medium, all cells were adherent (Fig. 1C) .
The control medium supported the greatest number of neurospheres even with potential aggregation of colonies that may arise due to seeding density in the control medium, resulting in a 1.7-fold increase in number compared with dynamic EC-conditioned medium (Fig. 1E) . For those cultures that did support neurosphere formation, there was no significant difference in average neurosphere diameter with both supporting a wide distribution of neurosphere diameters ranging up to 1 mm after 14 days of expansion (Fig. 1F) . Neurosphere number increases by increasing the feeding frequency to daily growth factor additions versus feeding every 3 days ( Supplementary Fig. S3A ), but the neurosphere diameter or ability of cells in static EC-conditioned media to form spheres did not vary with increased feeding frequency (data not shown). This suggests that cell survival may be sensitive to cytokine concentration and composition.
Given that the EC-conditioned and control media produce significant differences in neurosphere and adherent culture formation, all the cells (adherent and nonadherent) within a treatment group were collected, dissociated, and quantified at the single-cell level. As expected, greater cell numbers were present in colonies capable of neurosphere formation (control and dynamic EC-conditioned media) compared with adherent colonies (static EC-conditioned medium; Fig. 1G ). Cell number was proportional to feeding frequency with a three-fold increase in cell number for cultures fed daily compared with every third day ( Supplementary  Fig. S3B ). Irrespective of feeding frequency, there were significantly greater cell numbers present in control medium relative to EC-conditioned medium with greater expansion occurring in dynamic compared with static EC-conditioned medium ( Fig. 1 and Supplementary Fig. S3 ).
SVZ phenotype was assessed in the expanded cell populations to evaluate whether differences in phenotype were detected between cells that proliferated as neurospheres compared with adherent cultures as a result of the culture media. Multiple SVZ phenotypes were evaluated to capture the full range of maturity from stem cells to more mature FIG. 1. EC-conditioned medium reduces neurosphere formation in favor of adherent NPC cultures. Schematic representation of the experimental design (A) for cells isolated from the adult SVZ and expanded in neurosphere cultures using a base medium of DMEM (control) (B1-3), static EC-conditioned (C1-3), or dynamic EC-conditioned (D1-3) medium for 14 days. Neurospheres developed in control and dynamic EC-conditioned medium-treated cultures; however, the static EC-conditioned medium formed only adherent cultures. Dynamic EC-conditioned medium also supported adherent cultures. Control medium supports greater neurosphere numbers (E) compared with dynamic ECconditioned medium. The average neurosphere size (F) was not significantly different for cells expanded in either the control or dynamic EC-conditioned medium. (G) Evaluation of the total cell number shows that control medium generated significantly (*P < 0.05, n = 6) more cells than those cultured in EC-conditioned medium. Mixed cultures in dynamic EC-conditioned medium generated significantly more cells than those expanded as adherent cells in static EC-conditioned medium (*P < 0.05, n
= 6). (H)
Cells expanded for 14 days in experimental and control conditions were dissociated and subsequently cultured for an additional 21 days in an NCFC assay to assess potency. Cells preconditioned in EC-conditioned medium (dynamic and static, P < 0.05, n = 6) generate larger and more numerous colonies. Colonies greater than 2 mm are considered to be indicative of NSC colonies, rather than NPC colonies. Only SVZ cells preconditioned with EC-conditioned medium collected under dynamic culture generated the largest >2-mm neurospheres at the end of 21 days; however, this result was not statistically significant as so few colonies were detected. Data are represented as mean -standard deviation.
Scale bar = 0.5 mm. EC, endothelial cell; NCFC, neural colony-forming cell; NPC, neural progenitor cell; SVZ, subventricular zone. ) were not detected in any of the cultures, likely due to the longer duration of expansion that is reported to be unfavorable for quiescent NSCs [50] . All other SVZ subtypes were present; however, no significant differences existed in the distribution of SVZ phenotypes between control and ECconditioned media (static and dynamic) (Fig. 2) .
To evaluate proliferation and survival upon removal of ECderived factors, a hydrogel-based NCFC assay was used to evaluate colony size (proliferation) and number (survival) in an environment preventing neurosphere aggregation. NPCs were expanded in either EC-conditioned medium (static or dynamic) or nonconditioned control medium. The preconditioned dissociated cells were seeded in a semisolid collagen hydrogel, devoid of EC factors, but all cultures were supplemented with heparin to prevent proteolytic degradation of FGF2 and EGF based on manufacturer instructions. After 3 weeks of culture, colonies greater than 100 mm were counted and those greater than 2 mm in diameter are thought to have arisen from less mature NSCs, whereas colonies less than 1.5 mm in diameter are thought to have been generated from NPCs [25, 52, 53] .
Cells initially expanded in the EC-conditioned medium (static or dynamic) generate larger and more numerous neurospheres than control-expanded NPCs (P < 0.05, Fig. 1H ) even after the absence of EC-derived factors for 3 weeks. This suggests enhanced survival and proliferation of NSCs primed with EC factors compared with traditional expansion methods and that these characteristics are maintained following removal of EC factors. Neurospheres with diameters greater than 2 mm were only detected in cultures initially expanded in dynamic ECconditioned medium, suggesting that these dynamically derived EC factors can prime NSCs for subsequent greater proliferation. Few NSCs are typically expected in adult SVZ cultures as there are few NSCs in the niche and these cells are difficult to maintain in vitro. Moreover, neurosphere assays are unable to support quiescent NSCs (CD133 + GFAP + ) as seen in Fig. 2 and described in detail by Pastrana et al. [25] .
Neurospheres expanded in endothelial-conditioned medium have distinct differentiation profiles
To evaluate the influence of EC-derived factors on NPC fate, isolated SVZ cells expanded in either EC-conditioned (dynamic or static) or control medium were dissociated and differentiated for 3 weeks. Presumably, differences arose within NPCs during this initial expansion phase, albeit not in the overall distribution of SVZ phenotype (Fig. 2) as all NPCs were exposed to the same differentiation regime after expansion. Prior to differentiation, >95% of the cells were Nestin + , and after differentiation, none of the cells stained positive for Nestin (data not shown). Regardless of the primary expansion medium, the majority of NPCs differentiate into GFAP + astrocytes (Fig. 3A, C , E, G) and were absent of Nestin + immature cell phenotypes (Fig. 3G ). Supplementary Figure S4 displays an extended panel of the differentiated cell immunostaining. NPCs expanded in control medium resulted in approximately 20% NeuN + neurons, no O4 + oligodendrocytes, and approximately 10% NG2 + cells presumed to be glial progenitor cells (Fig. 3B, G) . NPCs expanded in static ECconditioned medium resulted in 10% O4 + oligodendrocytes, which were not present in either the control or dynamic ECconditioned medium conditions (P < 0.05, Fig. 3D, G) , with similar astrocyte and neuron production as control culture (Fig. 3C, G) . NPCs expanded in dynamic EC-conditioned medium exhibited significantly increased neuronal differentiation (approximately 30% of total cells) compared with both control and static EC-conditioned media (P < 0.05, Fig. 3E , G). Taken together, these results provide evidence that ECconditioned medium produced under static or dynamic conditions can promote NPC lineage-specific differentiation.
Dynamically stimulated ECs exhibit differential cytokine level
Differences in NPC survival, proliferation, and differentiation are observed following culture in EC-conditioned medium collected from static versus dynamic cultures, suggesting the differential production of bulk soluble factors under these conditions. Given that the endothelial phenotype is altered due to shear stress, we expect to see differences in the EC-conditioned medium that would contribute to the varied NPC response. As FGF2 and EGF are well known to promote NPC expansion [8, 9, 54] , their levels were quantified by ELISA for conditioned medium collected following 24 h of dynamic or static culture as an internal control to verify expected differences due to fluid flow. There was a significant increase in the EC release of FGF2 (Fig. 4A) and EGF (Fig. 4B) at 3, 12 and 24 h, respectively, in dynamic culture (10 dynes/cm 2 ). Evaluation of FGF2 and EGF confirms that the biochemical milieu is altered and a cytokine array was subsequently used to identify differences in levels of other soluble factors. A 144-target cytokine array identified differences in the secretome between the dynamic and static EC-conditioned media (Supplementary Table S1 ) that were not present in the control medium. Over 100 different factors were identified in the EC-conditioned media, including growth factors (FGF2, EGF, IGF, and Shh), and secreted cell adhesion molecules (CAMs; such as VCAM, ICAM, selectins, and cadherins). The presence of secreted CAMs may contribute to cellsubstrate attachment seen in Fig. 1 .
Dynamic EC-conditioned medium contains higher concentrations of several cytokines known to promote NPC proliferation compared with the static EC-conditioned medium [FGF2 [8, 9, 54] , EGF [9] , IGF-1 [14, 55] , IGF-2 [13] , interleukin (IL)-1a [56] , IL-15 [57] , leptin [58, 59] , receptor for advanced glycation end products (RAGE) [60] , stromal-FIG. 3. EC-conditioned medium enhances neuronal and oligodendrocyte differentiation. Isolated SVZ cells were cultured in either the control (nonconditioned) or ECconditioned (static or dynamic) medium, dissociated, and subsequently differentiated in 1% FBS for 3 weeks. At 3 weeks, cells initially cultured in control (A, B), static ECconditioned (C, D), or dynamic EC-conditioned (E, F) medium were stained either for astrocytes (GFAP; red) and neurons (NeuN; green) (A, C, E) or oligodendrocytes (O4, green) and oligodendrocyte precursor cells (OPCs: NG2;
red) (B, D, F). All cells were visualized with DAPI (blue). (G) Cells expanded in EC-conditioned medium from static cultures resulted in O4
+ oligodendrocyte populations that were not present in dynamic EC-conditioned or control medium. Expansion in dynamic EC-conditioned medium resulted in a significant increase (*P < 0.05, n = 4) in NeuN + cells compared with the static and control-expanded populations. Nestin + precursor cells were not detected after 3 weeks. See Supplementary Fig. S3 for individual channels of this figure. Scale bar = 50 mm. Data are represented as mean -standard deviation.
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derived factor-1 (SDF-1) [61] , and tumor necrosis factor-a (TNF-a) [62] ] (Table 1) . IL-1b was only present in static ECconditioned medium, while interferon (IFN) and IL-10 were present in both EC-conditioned media, all of which have been shown to decrease NPC proliferation [63] . Together, these results may underlie the increased NPC expansion seen in dynamic versus static medium. Additionally, differences in cell fate seen in cultures with the dynamic and static media may be attributed to differences in the conditioned medium. IGF-1 [16] , SDF-1 [64] , VEGF-D [64] , amphiregulin [65] , and Shh [18, 20] promote neural differentiation, while IGF-1 [66] and Shh [18, 24] can promote oligodendrocyte differentiation in a concentration-dependent manner.
FGF2 stabilization increases in dynamically stimulated EC culture medium
In addition to soluble factor production, ECs produce GAG-rich proteoglycans that can enhance soluble factor stability, regulate soluble factor receptor availability on the cell surface, and bind to their receptors [38, 67, 68] . ECconditioned medium and extracellular matrix were analyzed using UPLC-MS to quantify bulk differences in CS and HS GAG production. An increased HS concentration was detected in dynamic compared with static EC-conditioned medium, while no significant differences in CS concentration were measured (Fig. 4C) . These results suggest that ECconditioned medium from dynamic cultures would have a greater ability to stabilize cytokines through the HS GAGs.
To test increased cytokine stability in conditioned medium, FGF2 degradation in three medium types in the absence of cells was evaluated using ELISA; each sample was normalized to the 0-h sample. FGF2 was used an example of an HBGF as it is exogenously supplemented in all culture conditions with cells. There are numerous HBGFs secreted by ECs at different concentrations identified in the cytokine array that would be absent in nonconditioned controls used in NPC cultures within this study. Control samples lacking EC-produced FGF2 were supplemented with 100 pg/mL mouse FGF2, while EC-conditioned samples did not receive additional FGF2.
Significant differences were detected in FGF2 concentration between experimental and control cultures after 6 h (Fig. 4D) . After 6 h, FGF2 concentration in dynamic ECconditioned medium was reduced by 60% and appeared to plateau. This is indicative of stabilization by the HS GAGs even at the extended 72-h time point, perhaps representative of the buffering capacity of the EC-produced HS GAGs. In contrast, EC-conditioned medium from static cultures and control medium with supplemented FGF2 continued to experience significant degradation throughout the study and was
FIG. 4.
Increased cytokine production and stabilization are observed in dynamic EC-conditioned medium. EC-produced FGF2 (A) and EGF (B) increase in response to dynamic culture (10 dynes/cm 2 ), resulting in a significant 2.8-fold and 8.7-fold increase over 24 h relative to statically cultured ECs. (C) Heparan sulfate (HS) and chondroitin sulfate (CS) GAGs are present in both the static and dynamic EC-conditioned media. There is a significant 2.6-fold increase in HS within the medium collected from dynamic culture compared with the static EC-conditioned medium, while no statistically significant difference was detected in CS content. GAG content is known to stabilize growth factors and the buffering capacity of the EC-conditioned medium for growth factor stabilization was evaluated. (D) Degradation of FGF2 in EC-conditioned medium (dynamic or static) or in control medium supplemented with 100 pg/mL mouse FGF2 at 37°C was evaluated using ELISA. Model HBGF factor (FGF2) degrades rapidly for all culture media over the first 12 h. In control and static EC-conditioned media, FGF2 continues to degrade below ELISA detection limits (8 pg/mL) by 72 h, while FGF2 levels plateau in dynamic EC-conditioned medium between 6 and 72 h at 40% of the original FGF2 concentration. * indicates dynamic is significantly (P < 0.05, n = 4) higher than control; + indicates dynamic is significantly (P < 0.05, n = 4) higher than static medium. Data are represented as mean -standard deviation. GAG, glycosaminoglycan.
1206
DUMONT ET AL.
undetectable at 72 h, likely due to the low or absent HS GAGs. While the concentrations of FGF2 used for stabilization were lower than those seen within NPC cultures that were supplemented with exogenous FGF2, the percent decrease would remain consistent as it is based off a proteolytic degradation half-life. FGF2 is only one example of an HBGF stabilized by HS GAGs present instead of degrading rapidly in culture media [69, 70] and differences in stabilization due to ECproduced factors may contribute to the observed differences in proliferation and fate. Other HBGFs would see similar trends in stabilization by HS GAGs [36, 38, 71] ; however, the time course would vary based on the protein half-life.
Discussion
This work expands prior studies of EC-NPC interactions by considering changes to NPC proliferation and fate in response to flow, a key element of any vascularized stem cell niche, through the novel inclusion of fluid flow for EC cultures. We observed differences in fate after NPC expansion in EC-conditioned medium collected from dynamic or static culture, influencing both neural and oligodendrocyte differentiation. Similarly, striking differences in cell adhesion and expansion capacity were evident. This work provides the first evidence that EC exposure to flow is a key influential niche factor. Dynamic EC-conditioned medium supported greater proliferation relative to cells in static EC-conditioned medium; however, control medium supported the greatest overall cell number. Increasing the feeding frequency resulted in a similar increase across all medium conditions, but did not equalize the disparity in neurosphere formation. Interestingly, neurosphere formation through aggregation is said to occur above a clonal density of 10 cells/mL [50] ; however, cells in EC-conditioned media exhibit reduced or absence of neurosphere formation at these high clonal densities since the majority of cells were attached to the culture plates rather than being available for colony aggregation. This would suggest that aggregation is not a significant contributor for cellular expansion in EC-conditioned medium. Distribution of neurosphere diameter was similar for dynamic EC-conditioned and nonconditioned cultures, suggesting that aggregation at this seeding density may not Cytokine expression is represented as a fold change for each cytokine produced in dynamic EC-conditioned medium over static ECconditioned medium. Cytokines that were absent from both the static and dynamic conditioned media were removed from the table. Numerous cytokines experienced a significantly increased (D/S > 1.5, dark gray) or decreased (D/S < 0.65, light gray) expression within the dynamically stimulated EC cultures compared with statically stimulated EC cultures (P < 0.05, n = 4). The fold change for factors that were not above background for the static array is represented as >1 and has been organized from highest to lowest intensity values within the dynamic conditioned medium. Fold change for factors absent in the dynamic medium could not be determined as they approach zero (/ 0) and has been ranked as least to most prevalent in static medium.
EC, endothelial cell.
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significantly impact colony expansion in nonconditioned controls. However, aggregation of colonies in the nonconditioned control medium cannot be entirely dismissed, both neurosphere counts/size and cell number are reported as metrics of cell growth. Presumably, differences in neurosphere formation were due to EC-produced soluble factors influencing different proliferation and attachment pathways initiated by the distinct biochemical milieu present in each culture condition. While not evaluated, neurotrophin-3 and bone morphogenetic proteins have also been shown to reduce neurosphere formation. Similarly, a number of factors found in the EC-conditioned medium can reduce proliferation, such as IL-1b, IFN, and IL-10, albeit an evaluation on neurosphere formation capacity is unknown. Shen et al. demonstrate that static ECs cocultured with adherent NSCs increase NSC self-renewal compared with control cultures [6] , which was not evident in neurosphere cultures done in this work presumably due to the difference in NSC source (adult vs. embryonic), NSC culture (adherent vs. neurosphere), and inclusion of ECs through conditioned medium instead of transwell inserts.
The increased release of factors known to enhance integrin or cell-cell adhesion molecule concentrations on the surface of NPCs would affect cell-substrate and cell-cell binding, respectively, and may lead to different modes of proliferation (adherent or neurosphere cultures) in each culture condition. The interplay of these pathways can be quite complex as there are a number of factors working in combination to regulate NPC proliferation and fate, particularly in the EC-conditioned medium that contains both growth promoting and inhibitory factors. SDF-1 and IGF-1 are present in EC-conditioned medium and are known to upregulate the a6 integrin subunit [61, 72] that can be used to attach to matrix or laminin produced by cells within the neurospheres [73] . Similarly, FGF2 and EGF are present in all culture regimes and promote upregulation of the b1 integrin subunit involved in both cell-substrate attachment and neurosphere formation [8, 73] . It is likely that there is a convergence of many signaling cascades that are activated in the presence of EC-conditioned medium compared with the well-characterized control medium and these differences dictate the formation of neurospheres or adherent cultures. Isolating potential candidate factors responsible for these differences in integrin upregulation in the EC-conditioned medium provides an opportunity for future study that may help improve proliferation of NPCs in EC-conditioned medium as neurospheres rather than adherent or mixed cultures.
Differences in the affinity of cell-cell and cell-substrate interactions may not be entirely due to the presence or absence of growth factors. Secreted CAMs in the ECconditioned medium may have settled to the bottom of the culture plates, fostering cell attachment directly to soluble CAMs rather than CAMs expressed by cells in culture. Dynamic EC-conditioned medium exhibited elevated levels of E-cadherin, selectins (E, L, and P), intercellular CAM 1 (ICAM1), and vascular CAM (VCAM). Several of these proteins were also present in static EC-conditioned medium, in addition to elevated levels of galectin, which can modulate integrin-mediated adhesion. Within the SVZ, VCAM is highly expressed by NPCs and required for establishment of a neurogenic niche [74] .
As indicated using the NCFC assay, primary expansion with EC-conditioned medium supported larger and more numerous neurosphere colonies during a second expansion phase in the absence of the EC-conditioned medium, indicating that the EC factors can prime them for greater growth in the future. This may potentially be due to increased bioavailability of growth factors due to HS GAGs in the endothelial-conditioned medium. HS GAGs in EC-conditioned medium as well as heparin in the NCFC assay increase bioavailability by binding growth factors to prevent degradation, modulate ligand-receptor binding, and serve as a cofactor to initiate signaling [38] .
With the cells, the elevated growth factor bioavailability would mean that the growth factor concentration would decrease at a slower rate and increase the maintenance of a more stem-like phenotype due to consistent growth factor bioavailability throughout the culture duration [69] , particularly evident in dynamic EC-conditioned medium cultures that had substantially more stabilizers (HS-GAGs, heparin) throughout expansion (14 days) and the NCFC assay (21 days). Conversely, cells expanded in nonconditioned or static EC-conditioned medium did not produce stem-like phenotypes, presumably due to their inability to maintain this phenotype in the presence of little to no HS-GAG-mediated growth factor stabilization during expansion (14 days), and were incapable of rescuing a stem-like phenotype in the presence of heparin-mediated growth factor stabilization in the NCFC assay. Together, these findings suggests that cells initially expanded in EC-conditioned medium, and more importantly dynamic EC-conditioned medium, may be more likely to maintain viability and potency long after the removal of EC-derived factors, provided stable growth factor concentrations continue to exist. To illustrate this, Lowry et al. describe in vivo transplantation of embryonic spinal cord NSCs cocultured with static ECs and found that the coculture led to enhanced survival and differentiation potential [19] , supporting the idea that priming adult SVZ NSCs with EC factors provides lasting beneficial effects.
Nondirected differentiation capacity is equally important to transplantation survival and proliferation as we do not want to expand NPCs that are primed toward an astroglial lineage. Cells expanded in control medium generated primarily astrocytes with some neurons and oligodendrocyte precursor cells. In contrast, cells initially expanded in static ECconditioned medium were the only treatment to result in differentiated oligodendrocytes, while cells in dynamic ECconditioned medium exhibited a significant increase in neuron differentiation. Increased neural differentiation in static EC-NSC differentiation has previously been demonstrated by Shen et al. [6] ; however, in this culture regime, we saw a significant increase due to dynamic EC culture with an overall higher percentage of neurons from adult NSCs (20-30% compared with 2%). These results are exciting as they suggest that there are profound differences in the EC phenotype through exposure to shear stress, resulting in distinct differentiation profiles of adult NPCs that may be beneficial for translational applications. Prior studies showed that embryonic spinal cord stem cells expanded with static EC cocultures and then transplanted into a dorsal hemisection spinal cord injury model showed increased survival and oligodendrocyte formation [19] , supporting the fate choices demonstrated in this work. By coculturing with ECs exposed to flow, NPCs may demonstrate enhanced neurogenesis following transplantation.
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The synthesis and release of many cytokines present in EC-conditioned medium were responsive to dynamic versus static EC culture and may be responsible for differences in fate choice. NPC sensitivity to Shh is concentration dependent, as demonstrated by the role Shh plays in ventral patterning during development, resulting in neurogenesis at higher concentrations and oligodendrocyte differentiation at lower concentrations [18, 20, 24] . The static EC-conditioned medium contained Shh that may be sufficient for enhanced oligodendrocyte differentiation, but insufficient to encourage enhanced neurogenesis. Monocyte chemoattractant protein-1 (MCP-1) has also been shown to promote oligodendrocyte differentiation [62] and was 2.27-fold higher in the static compared with dynamic EC-conditioned medium, thus supporting the increased oligodendrocyte population following NPC culture in static EC-conditioned medium.
IGF-1 has been shown to support both oligodendrocyte and neuronal differentiation through the ERK1/2 and PI3K/Akt pathways, respectively [16, 66] . Dynamic EC-conditioned medium contains 2.25-times the IGF-1 compared with static ECconditioned medium, thus, while not evaluated, the difference in IGF-1 concentration could have activated PI3K/Akt and ERK1/2 pathways contributing to differences in neuron and oligodendrocyte differentiation, respectively. It is unclear whether activation of these neuro-or oligospecific pathways is selected through concentration dependence or through other cofactors that work in combination with IGF-1 as many soluble factors can activate the highly utilized ERK1/ 2 and PI3K/Akt pathways.
Enhanced neurogenesis associated with dynamic ECconditioned medium may be in response to elevated IGF-1 [16] , SDF-1a [64] , amphiregulin [65] , prolactin [75] , and RAGE [60] , which have been shown to promote neuronal differentiation in culture. Furthermore, several cytokines known to inhibit neurogenesis (IL-1b [76] , MCP-1 [62] , and eotaxin [77] ) are only present in the static EC-conditioned medium. Neurogenesis is not completely eliminated in static conditioned medium, perhaps, in part, due to the presence of the proneurogenic factors VEGF-D [64, 78] , GRO-a [62] , granulocyte macrophage colony-stimulating factor (GM-CSF) [79] , and interferon [80] identified in the static EC-conditioned medium. Future analyses will include cytokines not present on the array and cytokines that are present, but not previously studied for their effects on NPC differentiation.
Conditioned medium from static or dynamic EC cultures presents an opportunity to demonstrate the importance of fluid flow within the niche. ECs and shear stress are only two important factors within the niche. Within the niche, there are complex multicellular interactions between NSCs, NPCs, ECs, pericytes, and astrocytes. This study focuses primarily on the EC effects on NPCs, but pericytes also are present within the microvasculature and would be impacted by fluid flow. It is also well established that gradients within the niche are influential in lineage progression as well as migration out of the niche. This work utilizes bulk factors present in the conditioned medium that can be depleted over time and negates the influence of NPCs on EC phenotype [81, 82] . Within the niche, HSPG-rich fractones are also influential through regulation of growth factor presentation to cells within the niche [11, 67, 83] ; however, the cellular source of fractones is unknown. Increased production of HS GAGs in this study in the presence of fluid flow was able to similarly increase the bioactivity of growth factors for NPCs, suggesting ECs as a potential source.
The focus of this work was on NPCs as we were unable to maintain quiescent NSC populations that have been reported in EC-NSC cocultures through direct cell-cell contact [84] or neurotrophin-3 release [85] . Within the niche, type B NSCs become responsive to an EGF gradient that gives rise to transient-amplifying type C NPCs that were abundant in the presence of EC-conditioned medium. These cells differentiate into neuroblasts that migrate out of the niche along the rostral migratory stream to the olfactory bulb whether they terminally differentiate into neurons. Within this study, neurogenesis is highest in the presence of a dynamic EC phenotype rather than physiologically aberrant static ECs. As we wanted to evaluate whether fluid flow is influential within the niche and not develop a pseudoniche, we did not evaluate the role of fluid flow on neuroblast migration. Presumably, neurotrophic gradients promote neuroblast migration that were absent in this model.
Future work aims to include ECs cultured under fluid flow with statically cultured NPCs to build a neurogenic niche model that allows for constant replenishment of diffused factors in real time, including cross talk between the two cell populations. Taking cues from the niche cytoarchitecture, NPCs would likely need to be within close apposition of dynamic ECs as they are within 10 mm of the laminin-rich vascular that comprised primarily ECs [1, 2] . This is likely attributed to the presence of basement membrane and fractones that facilitate NPC attachment, play a role in neuroblast migration out of the niche [86] , and provide a reservoir of growth factors through HSPG-mediated sequestration [11] . The results of the presented work provide a basis for including fluid flow in future EC-NPC niche models, and from here, the niche model can be developed further as a tool to study NSC potential with aging and disease.
Conclusions
Profound compositional differences occur in EC-conditioned medium collected from static and dynamic ECs due to shear stress and duration of flow. NPCs are sensitive to these changes in the two biochemically distinct EC-conditioned media, resulting in altered proliferation, survival, and differentiation. Current in vitro EC-NPC models utilize only static ECs, while ECs within the niche are exposed to shear stress generated by blood flow. Moving forward, we propose that in vitro models of the NPC niche incorporate the more physiologically relevant dynamic EC phenotype to study EC-NPC interactions and that the EC phenotype can be varied through dynamic culture. This work focused on a single shear stress regime as an approximation of physiological hemodynamic shear stress [47, 48] ; however, shear stress magnitude, duration, and type (laminar or pulsatile) can be varied to generate other distinct EC-conditioned media that may further enhance neuronal or oligodendrocyte differentiation or lead to an improved understanding of the aging niche. Further investigation and characterization of EC-cytokine cocktails using a variety of shear stress parameters could further enrich desired NSCbased cell populations or precursors.
This work could prove instrumental in not only improving current in vitro models but also in directing in vivo NPC
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expansion through the use of EC-derived factors. In Alzheimer's disease and vascular dementia, vascular flow is reduced and may become more turbulent due to ischemia and plaque aggregation of the diseased vasculature [43, [87] [88] [89] [90] . It will be worthwhile exploring whether altered hemodynamics contribute to the devastating loss of adult NSCs and the decline in neurogenesis in patients with this disease, as is implicated by increased ischemia of vessels near the subventricular niche [44] . Significant changes of flow due to disease or injury could be modulated or compensated by factor supplementation to improve regeneration and tissue repair. Further investigation into this niche model will be fundamental in providing the groundwork to develop therapeutics to target the vasculature leading to NSC-mediated regeneration after injury or prevention of age-related degeneration.
